Mitochondrial morphology is dynamically regulated by the formation of small fragmented units or interconnected mitochondrial networks, and this dynamic morphological change is a pivotal process in normal mitochondrial function. In the present study, we identified a novel regulator responsible for the regulation of mitochondrial dynamics. An assay using CHANG liver cells stably expressing mitochondrial-targeted yellow fluorescent protein (mtYFP) and a group of siRNAs revealed that T-cell intracellular antigen protein-1 (TIA-1) affects mitochondrial morphology by enhancing mitochondrial fission. The function of TIA-1 in mitochondrial dynamics was investigated through various biological approaches and expression analysis in human specimen. Downregulation of TIA-1-enhanced mitochondrial elongation, whereas ectopic expression of TIA-1 resulted in mitochondria fragmentation. In addition, TIA-1 increased mitochondrial activity, including the rate of ATP synthesis and oxygen consumption. Further, we identified mitochondrial fission factor (MFF) as a direct target of TIA-1, and showed that TIA-1 promotes mitochondrial fragmentation by enhancing MFF translation. TIA-1 null cells had a decreased level of MFF and less mitochondrial Drp1, a critical factor for mitochondrial fragmentation, thereby enhancing mitochondrial elongation. Taken together, our results indicate that TIA-1 is a novel factor that facilitates mitochondrial dynamics by enhancing MFF expression and contributes to mitochondrial dysfunction. Cell Death and Differentiation (2017) 24, 49-58; doi:10.1038/cdd.2016.90; published online 9 September 2016
Mitochondria continuously change their morphology by fusing or dividing in response to different cellular needs. 1 Tight regulation of mitochondrial morphology is critical for the maintenance of mitochondrial structure and function, which ultimately affect cell fate. [2] [3] [4] Disruption of dynamic balance is related to several physiological and pathological conditions such as aging, apoptosis, cancer, neurodegenerative diseases, and diabetes. [5] [6] [7] Mitochondrial dynamics are governed by several core proteins. In mammals, mitofusin 1 (MFN1) and 2 (MFN2) are required for outer membrane fusion of mitochondria and optic atrophy protein 1 (OPA1) is involved in inner membrane fusion. [8] [9] [10] [11] Dynamin-related protein 1 (DRP1), mitochondrial fission 1 (FIS1), mitochondrial dynamics 51 (MiD51) and MiD49 are core components of the mitochondrial fission machinery. [12] [13] [14] Further, mitochondrial fission factor (MFF) is also a critical factor for mitochondrial fission by mediating recruitment of the DRP1 to mitochondria. MFF contains heptad repeats and a C-terminal transmembrane domain that is embedded in the outer membrane. Downregulation of MFF elongates the mitochondrial network. [14] [15] [16] The rates of fusion and fission must be tightly regulated in order to preserve the correct balance required for the maintenance of mitochondrial morphology or to change the mitochondrial network in response to physiological needs. 3 Several reports have shown that the expression of core proteins responsible for mitochondrial fusion or fission is controlled transcriptionally, post transcriptionally or post translationally. [17] [18] [19] In particular, DRP1 activity is rapidly regulated by phosphorylation. Phosphorylation of serine 616 in DRP1 by cyclin B1-cyclin-dependent kinase (cyclin B1-CDK1) or calcium-calmodulin-dependent kinase (CamK) enhances mitochondrial fission. 20, 21 Phosphorylation of serine 637 in DRP1 by protein kinase A (PKA) inhibits DRP1 function, whereas dephosphorylation by the calcium-sensitive protein phosphatase, calcineurin, enhances mitochondrial fission. [22] [23] Moreover, DRP1 activity is also post translationally regulated by ubiquitin ligase membrane-associated RNIG-CH protein 5 (MARCH5) and by small ubiquitin-like modifier type 1 (SUMO1). [24] [25] [26] [27] [28] micoRNA-499 (miR-499) is also involved in the regulation of DRP1 activity by targeting calcineurin at the post-transcriptional level. 29 Hypoxiainducible factor 1-alpha (HIF1α) promotes DRP1 activation and enhances mitochondrial fission. 30, 31 Ubiquitination by MARCH5 or transcriptional control by PGC1β affects mitochondrial fusion through the regulation of MFN2. 28, 32 miR-761 regulates the mitochondrial network by targeting MFF. 33 Although several studies have been highlighted the significance of regulatory mechanisms governing the expression or activity of mitochondrial dynamics-regulating proteins such as DRP1 and MFN2, the specific regulators for the fusion-fission machinery and their roles during physiological or pathological conditions remain largely unknown.
T-cell-restricted intracellular antigen 1 (TIA-1) is an RNAbinding protein that functions as a posttranscriptional regulator of gene expression by binding to cis elements found in 5′-or 3′-untranslated regions (3′-UTRs) of selected mRNAs. [34] [35] [36] TIA-1 has been reported to participate in translational repression in response to various stresses, as well as in the regulation of alternative splicing of target mRNAs. 37, 38 It has been shown that mRNAs encoding tumor necrosis factor alpha (TNFα), cyclooxygenase 2 (COX2), and cytochrome C, and mRNAs containing U-rich elements or 5′-terminal oligopyrimidine tracts (5′TOP) are targets for TIA-1. 35, [39] [40] [41] [42] Moreover, TIA-1 also functions in the stress granule (SGs) assembly in response to environmental stresses. 43, 44 In the present study, we demonstrate that TIA-1 has a novel function in the regulation of mitochondrial dynamics. Downregulation of TIA-1 enhanced mitochondrial elongation, whereas ectopic expression of TIA-1 resulted in mitochondrial fragmentation. In addition, TIA-1 increased mitochondrial activity, including the rate of ATP synthesis and oxygen consumption. Further, we identified MFF as a direct target of TIA-1 and showed that TIA-1 promotes mitochondrial fragmentation by enhancing MFF translation. TIA-1 null cells had a decreased level of MFF and less mitochondrial Drp1, a critical factor for mitochondrial fragmentation, thereby enhancing mitochondrial elongation. Moreover, we observed that the relative expression of TIA-1 and MFF was higher in hepatocellular carcinoma (HCC). Taken together, our results suggest that TIA-1 facilitates mitochondrial fission by regulating MFF expression, and that the augmentation of TIA-1 expression may be responsible for mitochondrial dysfunction in HCC.
Results
TIA-1 is a novel regulator governing the morphological change of mitochondria. Several RBPs such as human antigen Hu, AUF1, or TIA-1, mediate various cellular processes through the regulation of RNA metabolism. [45] [46] [47] To investigate the involvement of RBPs in the morphological changes in mitochondria, we examined mitochondrial morphology by following mitochondrial-targeted yellow fluorescent protein (mtYFP) in CHANG liver cells after transfection of siRNAs targeting various RBPs. Although the mitochondrial morphology was not affected by siRNA transfection, TIA-1 silencing resulted in significant changes inYFP-tagged mitochondria in CHANG liver cells (Supplementary Figure S1) . We decided to further examine whether TIA-1 regulates mitochondrial dynamics. To this end, we evaluated the morphological changes in mitochondria in CHANGmtYFP cells after transfection of siTIA-1 or HA-tagged TIA-1 plasmid, using appropriate controls. As shown in Figure 1 , TIA-1 overexpression increased the number of cells showing fragmented mitochondria, whereas TIA-1 silencing increased the number of cells having elongated mitochondria (Figures 1a and b) . We further investigated the mitochondrial morphology in TIA-1 null cells (TIA-1 − / − MEF cells) and control mouse embryonic fibroblast (MEF) cells (TIA-1 +/+ MEF cells). As shown in Figures 1c and d , mitochondria in TIA-1 null cells were significantly elongated compared with the control cells. Further analysis using transmission electron microscopy (TEM) revealed that TIA-1 null cells have more elongated forms of mitochondria (Figure 1e ). These findings suggest that TIA-1 may act as a novel factor in the regulation of morphological changes in mitochondria.
TIA-1 is necessary for mitochondrial function. As dynamic changes in mitochondrial morphology are essential for their function, including mitochondrial respiration and/or ATP generation, we determined mitochondrial membrane potential by JC-1 staining and tetramethylrhodamine methyl ester (TMRM) fluorescence analysis following TIA-1 modulation in human HCC Hep3B cells. TIA-1 overexpression decrease, whereas TIA-1 downregulation increased, the portion of cells statined with JC-1 (Figure 2a) . Also, TIA-1 overexpression downregulated, although TIA-1 downregulation resulted in an increase of TMRM fluorescence ( Figure 2b ). Next, we measured mitochondrial ATP level after TIA-1 overexpression or silencing. TIA-1 overexpression decreased, whereas TIA-1 downregulation increased, the mitochondrial ATP level (Figure 2c ). We also investigated the impact of TIA-1 on cellular oxygen consumption rate (OCR) by using a Seahorse instrument. As shown in Figure 2d , TIA-1 overexpression impaired mitochondrial respiration and reduced basal OCR. Inversly, TIA-1 silencing resulted in an increase of basal OCR. Taken together, these results suggest that TIA-1 functions as a negative regulator in the maintenance of mitochondrial function.
TIA-1 binds to MFF mRNA 3′-UTR and enhances MFF translation. Since TIA-1 is one of the RBPs and affects target gene expression at their mRNA level by regulating alternative splicing, translation, and mRNA stability, 35, 36, 38 we hypothesized that TIA-1 may be responsible for the expression of regulatory proteins that affect mitochondrial morphology, such as MFN1, MFN2, DRP1, OPA1, FIS1, MFF, and mitochondrial elongation factor 1 (MIEF1). To examine this possibility, we tested the association between TIA-1 and these mRNAs. Using a specific antibody against TIA-1, ribonucleoprotein (RNP) complexes containing TIA-1 were immunoprecipitated from Hep3B cell lysates, and associated mRNAs in IP complexes were further analyzed by RT-qPCR using the specific primer set listed in Supplementary Table 1. Although MFN1, MFN2, DRP1, OPA1, FIS1, and MIEF1 mRNA showed no significant interaction with TIA-1, MFF mRNA was highly enriched with TIA-1 containing the RNP complex (Figure 3a) , indicating that TIA-1 interacts with MFF mRNA. To examine potential TIA-1 binding regions in MFF
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Hyosun Tak et al mRNA, pull down assays using biotin-labeled RNA probes were performed. Biotinylated segments of the MFF mRNA spanning the 5′-UTR and 3′-UTR (3U1, 3U2, 3U3, 3U1+2, and 3U) were synthesized (Figure 3b ), and the RNP complexes containing TIA-1 and the biotinylated RNAs were isolated using streptavidin-coated beads and detected by western blot analysis using a TIA-1 antibody. As shown in Figure 3b (bottom), TIA-1 showed specific interactions with the 3U2, 3U3, 3U1+2, and 3U fragments of the MFF mRNA, but not with 5U or 3U1 or with the negative control, the 3′-UTR of GAPDH mRNA. In summary, TIA-1 associates with MFF mRNA through its 3′-UTR.
To evaluate whether TIA-1 modulates MFF expression, we investigated the mRNA and protein levels of MFF after TIA-1 overexpression and downregulation in Hep3B cells. As shown in Figure 4a , TIA-1 overexpression did not change MFF mRNA, whereas TIA-1 silencing slightly downregulated it. Although there was no significant changes in MFF mRNA, MFF protein level was positively affected by TIA-1; TIA-1 overexpression increased, whereas TIA-1 downregulation decreased MFF expression (Figure 4b ). Cytochrome c level was negatively regulated by TIA-1 as described in previous report 40 and it was shown as a positive control. Downregulation of MFF was also observed in TIA-1 null cells (Figure 4d ). To further validate the regulation of MFF expression by TIA-1, we generated EGFP reporter plasmids containing the 3U2 fragment of MFF mRNA and examined EGFP expression after TIA-1 overexpression or silencing. As shown in Figure 4e , TIA-1 overexpression increased the expression of EGFP reporter containing 3U2 fragment of MFF mRNA and TIA-1 silencing decreased, but not the level of control EGFP, whereas TIA-1 silencing resulted in a decrease. Since MFF expression was affected by TIA-1 at the protein level rather than at the mRNA level, we evaluated the de novo synthesis of the EGFP reporter after TIA-1 overexpression. TIA-1 overexpression resulted in an increase in newly synthesized EGFP reporter containing the 3U2 fragment of MFF mRNA (Figure 4f ). Altogether, these results indicate that TIA-1 positively regulates MFF expression by increasing its translation rather than affecting mRNA stability.
As a balance of fission and fusion events mediated by several regulatory proteins, we assessed whether TIA-1 affects other mitochondria-shaping proteins including DRP1, FIS1, MFN1/2, OPA1, and MIEF1 in Hep3B cells. TIA-1 overexpression or TIA-1 downregulation resulted in no significant changes in mRNA and protein levels of mitochondria-shaping proteins except MFF (Figures 5a and b) . In addition, we did not observed differential expression of DRP1, MFN1/2, and OPA1 in TIA-1 − / − MEF cells (Figure 5c ), which suggests that TIA-1 affects mitochondrial dynamics via MFF expression.
TIA-1 competes with miR-27 to promote MFF expression. Our previous report indicates that microRNA-27 (miR-27) promotes mitochondrial elongation by reducing MFF expression. 48 As we observed that TIA-1 displayed the opposite effect on the morphological changes in mitochondria (Figure 1) , and the potential binding regions of miR-27 and TIA-1 were in close proximity, we speculated whether MFF expression is competitively regulated by TIA-1 and miR-27. To test this possibility, we investigated MFF expression after TIA-1 overexpression in cells transfected with a miR-27 mimic. As we observed previously, MFF levels were reduced by miR-27 transfection. However, the inhibitory effect of miR-27 was diminished by TIA-1 overexpression (Figure 6a ). Further, in order to elucidate the manner in which TIA-1 and miR-27 affect MFF expression, we also investigated the association of TIA-1 with MFF mRNA in cells transfected with miR-27 following immunoprecipitation of TIA-1 containing RNP complexes. As shown in Figure 6b , miR-27 transfection resulted in a decrease in the association between TIA-1 and MFF mRNA, indicating that TIA-1 and miR-27 competitively regulate MFF expression.
The TIA-1/MFF axis promotes translocation of Drp1 to mitochondria. We observed a decrease in mitochondrial activity following TIA-1 overexpression (Figure 2 ) and positive regulation of MFF by TIA-1 (Figure 4) . To investigate whether downregulation of mitochondrial membranepotential by TIA-1 overexpression is mediated via MFF regulation, we measured mitochondrial membrane potential in TIA-1-overexpressing cells after transfection with MFF siRNA (Figure 7a ). As we observed previously, TIA-1 overexpression resulted in a decrease of mitochondrial membrane potential (lane 1 versus lane 3), whereas MFF silencing in TIA-1 overexpressing cells failed to reduce mitochondrial activity (lane 3 versus lane 4). These results indicate that TIA-1 regulates mitochondrial activity in an MFF-dependent manner.
As it is known that MFF promotes mitochondrial fission by facilitating the translocation of Drp1 from the cytosol to mitochondria, 15 we further investigated the relative levels of mitochondria-associated-Drp1 in TIA-1 null cells.
Mitochondrial fractions were prepared by differential centrifugation from the lysates of both TIA-1 null cells and wild-type control cells, and Drp1 levels were assessed by western blotting (Figure 7b ). Although there was no difference in total Drp1 level between TIA-1 null cells and control cells, we observed a reduction of Drp1 in the mitochondrial fraction of TIA-1 null cells, suggesting depletion of TIA-1 reduced mitochondrial translocation of Drp1 via the downregulation of MFF. Taken together, our findings indicate that the TIA-1/MFF axis mediates mitochondrial dynamics by modulating Drp1 translocation.
Discussion
Mitochondria execute pivotal roles in the regulation of energy metabolism, calcium signaling, and apoptosis, and dysfunction of mitochondria is related to the pathogenesis of several diseases. 1, 3, 5, 49 Dynamic regulation of mitochondria is essential for the maintenance of cellular homeostasis and is governed by several key regulatory proteins such as Drp1, Mfn1/2, OPA1, FIS1, and MFF. 1, 3, 17 In the present study, we demonstrated that an RNA-binding protein, TIA-1, functions as a novel factor affecting mitochondrial fission via MFF regulation. We showed that TIA-1 binds to MFF mRNA and promotes MFF expression, thereby enhancing mitochondrial fission. We further demonstrated that TIA-1 deficiency is related to enhanced mitochondrial activities including mitochondrial membrane potential, ATP synthesis, and OCRs. Our results suggest that the TIA-1/MFF axis has a novel role in the regulation of mitochondrial dynamics.
Although there are some controversial points, recent reports have demonstrated that mitochondrial dysfunction is mainly involved in the pathogenesis of several human diseases including neurodegenerative diseases and cancers, and that mitochondrial dynamics may offer potential therapeutic targets. 3, 4, 6, 17, 50 In lung and breast cancers in particular, an increase in mitochondrial fission promotes cell cycle progression or migration. 51, 52 Augmented expression of mitochondrial fission factors, such as Drp1, or reduced levels of mitochondrial fusion proteins are responsible for the imbalance of mitochondrial dynamics leading to mitochondrial dysfunction. To our knowledge, we present the first evidence that TIA-1 functions as pro-fission protein via promoting MFF expression at RNA level. Although we focused on the TIA-1/MFF axis in the regulation of mitochondrial dynamics in the present study, identification of other factors at the posttranscriptional level awaits further investigation in order to elucidate a novel regulatory mechanism governing mitochondrial dynamics.
TIA-1 is one of the RNA-binding proteins that regulates alternative splicing, translation, and turnover of certain mRNAs including TNFα and cytochrome c. 14, 35, 39 In the present study, we identified MFF mRNA as a novel target of TIA-1 and demonstrated that TIA-1 enhances MFF expression by binding to its 3′-UTR (Figure 4 ). Despite previous reports showing TIA-1 as a translational suppressor, we observed that TIA-1 enhances MFF expression; TIA-1 overexpression increased MFF expression, while TIA-1 downregulation decreased it. As evidenced by our recent study, miR-27 targets MFF and contributes to the elongation of mitochondria, 48 thus, we hypothesized that TIA-1 may (Figure 6b) , we suggest the competitive regulation of MFF expression by TIA-1 and miR-27. Although several studies have shown that competitive or cooperative interplay among regulatory factors including RBPs and miRNAs is essential for the fine-tuning of gene expression, [53] [54] [55] [56] the detailed mechanism of such regulation has not yet been fully elucidated. We believe further studies will enable a better understanding of the manner in which regulatory factors interplay to contribute to the dynamic regulation of gene expression.
In addition, there are some discrepancies among previous reports regarding the role of TIA-1 in cell proliferation; depletion of TIA-1 in human cells (FT293T, HeLa and Hep3B) resulted in an increase in cell proliferation, [58] [59] [60] whereas TIA-1-deficient mouse embryonic fibroblasts showed a decrease in cell growth. 61 Moreover, it appeares that TIA-1 expression is differentially regulated in different types of cancer; TIA-1 is upregulated in HCC, 57 while it is reduced in small-cell lung carcinoma (SCLC). 60 Although we still do not know exactly why TIA-1 displays differential activity in the regulation of cell proliferation, it may be a result of a difference in species, cell types, and origin of cancers. Consequently, it seems difficult to conclude whether TIA-1 functions as a tumor suppressor or an oncogene without comprehensive understanding of the TIA-1 working mechanism, thus, this deserves further investigation.
We believe that morphology and function of mitochondria influence each other; therefore, it is difficult to determine what comes first, morphological changes or dysfunction. Several lines of evidence indicate that a correlation between mitochondrial morphology and their functional state is not one-toone correlation. For example, Rotenone treatment increased mitochondrial fragmentation, which suggests mitochondrial S-labeled methionine or cysteine for twenty minutes and EGFP proteins were immunoprecipitated using a GFP antibody and assessed by electrophoresis. Radioreactivity was analyzed using PharoseFX Plus. Data are representative of three independent experiments and values are expressed as the mean ± S.E.M. *Po0.05 dysfunction leads to morphological changes (fission). 62 Conversely, loss of mitochondrial fusion proteins such as MFN1/2 and OPA1 decreased mitochondrial membrane potential. [63] [64] [65] In this study, we demonstrated that TIA-1 overexpression also resulted in a decrease of basal respiration of mitochondrial. Although we showed TIA-1 promotes mitochondrial fission via enhancing MFF expression, we still do not know whether TIA-1 cause mitochondrial dysfunction in MFF-independent manner or not. We believe further studies will be helpful to determine what comes first by TIA-1, misshape or dysfunction.
In conclusion, our study suggests that TIA-1 is a novel profission protein by enhancing MFF expression, thereby results in mitochondrial dysfunction. Further studies on differential expression of TIA-1 or MFF and their molecular mechanisms may provide additional signicicance of the TIA-1/MFF axis in the pathogenesis of several diseases including cancer and neurodegenerative diseases.
Materials and Methods
Cell culture, transfection, plasmid, and small interfering RNAs. Human CHANG liver cells stably overexpressing mitochondrial targeted YFP (mtYFP) were cultured in Dulbecco's modified essential medium (Hyclone, Logan, UT, USA), supplemented with 10% fetal bovine serum and antibiotics. 66 TIA-1-deficient mouse embryonic fibroblasts (MEF TIA-1 − / − ) and HA-tagged TIA-1 plasmid were great gifts from Dr. Paul Anderson (Harvard Medical School, Boston, MA, USA). 39 Enhanced green fluorescent protein (EGFP) reporters were cloned by inserting 3′-UTR fragments from the MFF mRNA (1751-2040, 290 nt) into pEGFP-C1 (BD Bioscience, Franklin lake, NJ, USA). Small interfering RNAs (siRNAs; control siRNA (siCtrl) and TIA-1 siRNA (siTIA-1); Genolution Western blot analysis. Whole-cell lysates were prepared using RIPA buffer containing 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 1 mM EDTA, 0.1% SDS, and 1 × protease inhibitor cocktail (Roche, Basel, Switzerland), separated by SDS polyacrylamide gel electrophoresis, and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were incubated with primary antibodies against MFF (Abcam, Cambridge, MA, USA), TIA-1 (Santa Cruz Biotechnology, Dallas, TX, USA), EGFP (Santa Cruz Biotech), Drp-1 (BD Bioscience) or β-actin (Abcam) then further incubated with the appropriate secondary antibodies conjugated with horseradish peroxidase (Santa Cruz Biotechnology). The signals were detected using enhanced luminescence (Bio-Rad, Hercules, CA, USA).
RNA analysis and ribonucleoprotein complex-immunoprecipitation. Total RNA was prepared from whole cells using Trizol (Invitrogen). After reverse transcription (RT) using random hexamers and reverse transcriptase (Toyobo, Osaka, Japan), the mRNA abundance was assessed by reverse transcription quantitative PCR (RT-qPCR) analysis using the SYBR green PCR master mix (Kapa Biosystems, Wilmington, MA, USA) and gene-specific primer sets (Supplementary Table 1 ). RT-qPCR reaction was performed using StepOne Plus system (Life Technologies, Calsbad, CA, USA).
Ribonucleoprotein complex-immunoprecipitation (RNP-IP) reaction was done using anti-TIA-1 primary antibodies or control IgG (Santa Cruz Biotechnology). 67 In brief, RNP complexes were immunoprecipitated using TIA-1 or control IgG antibodies and incubated with DNase I and proteinase K; RNA in the immunoprecipitation (IP) samples was isolated and further analyzed by RT-qPCR using the primers listed (Supplementary Table 1) .
Biotin pulldown analysis. To synthesize biotinylated transcripts, PCR fragments were prepared using forward primers that contained the T7 RNA polymerase promoter sequence (T7, 5′-CCAAGCTTCTAATACGACTCACTATA-GGGAGA-3′). The primers used to prepare biotinylated transcripts spanning the MFF mRNA (NM_001277061.1) are listed in Supplementary Table 1. After purification of the PCR products, biotinylated transcripts were synthesized using the MaxiScript T7 kit (Ambion, Waltham, MA, USA) and biotin-CTP (Enzo Life Sciences, Farmingdale, NY, USA). Whole-cell lysates (200 μg per sample) were incubated with 1 μg of purified biotinylated transcripts for 30 min at room temperature, and then complexes were isolated using streptavidin-coupled Dynabeads (Invitrogen). Proteins present in the pulldown material were studied by western blot analysis as described in Bach et al. mimic, TIA-1-containing RNP complexes were isolated by RNP-IP using a TIA-1 antibody, and the relative MFF mRNA levels were determined by RT-qPCR. GAPDH mRNA was used for normalization. Data represent the mean ± S.E.M. from three independent experiments. **Po0.01 Immunoprecipitation reactions were carried out using mouse IgG, or anti-GFP (Santa Cruz Biotechnology), and IP products were separated, transferred, and visualized using a PharoseFX Plus system (Bio-Rad) analyzed using Quantity One software (Bio-Rad).
Electron microscopy. For TEM observation, cells were fixed with 1% osmium tetroxide and embedded using Epon 812. Ultrathin sections were observed with a transmission electron microscope (JEM 1010, Tokyo, Japan).
Analysis of oxygen consumption. A Seahorse FX24 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA, USA) was used to measure OCR according to the manufacturer's instruction. Basal OCR was measured for 3 min every 8 min for four points, followed by sequential injection of olygomycin (3 μM), FCCP (1 μM), and antimycin A (1 μM). Each treatment was measured for 3 min every 8 min for three points. The number of cells (1 × 10 
